Background/Aims: Long non-coding RNAs (lncRNAs) are thought to play crucial roles in human diseases. However, the function of lncRNAs in hypertrophic scar formation remains poorly understood. Methods: In this study, we investigated the expression of lncRNA8975-1 in hypertrophic scar tissues and fibroblasts by quantitative reverse transcription PCR (qRT-PCR). To investigate its function, overexpression and knockdown of lncRNA8975-1 were performed using lentivirus infection and Stealth RNAi transfection, respectively. Cell proliferation was detected by CCK-8 assay. The protein levels of collagens and alpha-smooth muscle actin (α-SMA) were analysed by western blot. Results: We found that lncRNA8975-1 was overexpressed in hypertrophic scar tissues and dermal fibroblasts. Overexpression of lncRNA8975-1 inhibited cell proliferation and reduced the protein expression levels of COL1A2, COL1A1, COL3A1 and α-SMA in hypertrophic scar fibroblasts, whereas knockdown of lncRNA8975-1 had the opposite effect. Conclusion: Our results show that the long non-coding RNA lncRNA8975-1 is upregulated in hypertrophic scar fibroblasts; furthermore, it inhibits fibroblast proliferation and reduces collagen and α-SMA expression. Further studies on the mechanisms regulated by lncRNA8975-1 would lead to a better understanding of the pathogenesis of hypertrophic scar formation.
Introduction
Hypertrophic scarring, a fibrotic disease, is a common and inevitable outcome of deep skin trauma or severe burn injury [1] . The overall incidence of hypertrophic scars for skin trauma is 40%-70%, whereas the incidence of burn scars is as high as 80% [2] . Hypertrophic scars often cause pain, pruritus and contractures and can significantly affect the physical and psychological health of patients. At present, although surgical excision, pressure therapy, steroid injections and radiation therapy are available to prevent and cure hypertrophic scars, none of these methods is optimal [3] . Therefore, understanding the mechanism of the formation of hypertrophic scars to identify new targets for treatment is highly desirable.
Emerging evidence has reported that activated fibroblasts with a higher capacity for cell proliferation and collagen synthesis contribute to the formation and development of hypertrophic scars [4, 5] . Hypertrophic scars are characterized by abundant alpha-smooth muscle actin (α-SMA)-producing myofibroblasts in conjunction with more type III collagen and type I collagen [6] .
Long non-coding RNAs (lncRNAs) represent a class of transcripts longer than 200 nucleotides that lack protein coding potential [7] . Several studies have shown that lncRNAs play important roles in keloid formation [8] , scleroderma [9] , lung fibrosis [10] , and other fibrotic disorders [11] by acting through diverse mechanisms. Recently, our group discovered that lncRNA8975-1 (TCONS_00013888 in UCSC hg38; also named NONHSAT122029 in NONCODEv4), an lncRNA located upstream of the COL1A2 gene on chromosome 7 (UCSC hg38, chr7:94278999-94392179, ChIPBase named it lncRNA8975-1), was overexpressed in regressive scars compared to mature scar tissues [12] . However, the functional role of lncRNA8975-1 in hypertrophic scars has not been documented.
In this study, fifteen hypertrophic scar samples and the corresponding matched normal skin tissues were used to perform qRT-PCR analysis. The results showed that lncRNA8975-1 was upregulated in hypertrophic scar tissues and fibroblasts, suggesting that there is an important correlation between lncRNA8975-1 expression and hypertrophic scarring. Using lentivirus infection and siRNA transfection, we found that lncRNA8975-1 affected hypertrophic scarring by inhibiting the proliferation of fibroblasts, which reduced the expression of collagens and α-SMA. Our study provides clues for a new regulatory mechanism in the pathogenesis of hypertrophic scars.
Materials and Methods

Ethics statement
This study was approved by the Medical Ethics Committee of Obstetrics and Gynaecology Hospital Affiliated to Nanjing Medical University (No.
[2013] 48). Patients attending our hospital for scar removal were provided information about the purpose of the study, and written informed consent was obtained from each participant.
Tissue samples
Fifteen hypertrophic scar (HS) tissues and their paired normal scar (NS) tissues were obtained from 15 different patients who were admitted to the Obstetrics and Gynaecology Hospital Affiliated to Nanjing Medical University for scar removal. A diagnosis of hypertrophic scarring was confirmed by routine pathological examination. The collected skin samples were divided into two fragments: one was used for the isolation and culture of fibroblasts, and the other was immediately frozen in liquid nitrogen for preparation of total RNA.
Cell culture
Cultures of hypertrophic scar fibroblasts (HSF) and normal skin fibroblasts (NSF) were established as previously described [13] . Explants were cultured in DMEM media (Invitrogen, Carlsbad, CA, USA) supplemented with 10% foetal bovine serum, 100 µg/ml streptomycin and 100 U/ml penicillin at 37°C in 5% CO 2 . The fibroblasts in this study were used between their third and fifth passages.
Quantitative reverse transcription PCR assay
Total RNA was isolated from each tissue and corresponding cultured cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). NanoDrop ND-1000 was used to measure RNA quantity. RNA was then converted to cDNA using the First Strand cDNA Synthesis Kit (Invitrogen, Carlsbad, CA, USA) and a thermocycler (S1000, Bio-Rad, Berkeley, CA, USA). Quantitative reverse transcription PCR was performed using a SYBR Green qPCR mix (Invitrogen, Carlsbad, CA, USA) on an Applied Biosystems ViiA™ 7 Dx (Life Technologies, USA). The efficiency of amplification and detection by all primers was validated by determining the slope of Ct versus the dilution series. Transcript levels for lncRNA8975-1 were normalized to GAPDH cDNA levels using the standard curve method [14] . The primer sequences were as follows: lncRNA8975-1 (110 bp) forward primer, TCT GTG AGA AGA AGC AAT ACCA, reverse primer, CCT CAT TCA TGT CAT CTC CTCT; and GAPDH (226 bp) forward primer, GAA GGT GAA GGT CGG AGTC, reverse primer, GAA GAT GGT GAT GGG ATTTC. We used Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/index. cgi?LINK_LOC=BlastHome) to confirm the primer specificities for lncRNA8975-1 and GAPDH. Each value was the mean of the same sample from three independent experiments. Each value used for the boxplot was normalized to the average value of respective group.
Lentivirus infection and Stealth RNAi transfection
Lentiviral constructs carrying a 352 bp lncRNA8975-1 transcript (pGLV-H1-lncRNA8975-1-GFP/Puro) and an empty negative control vector (pGLV-H1-GFP/Puro) were obtained from GenePharma (Shanghai, China). Lentivirus infections were performed at 10 MOI. At 48 h post-transfection, the expression of the fluorescent protein GFP was observed under a fluorescence microscope (Observer.D1, Zeiss, Oberkochen, Germany). Images were collected using the microscope equipped with an AxioCam HRc camera and processed with Axiovision software (Zeiss, Oberkochen, Germany). Stealth RNAi™ siRNA Negative Control and Stealth RNAi TM siRNA duplexes against lncRNA8975-1 were obtained by using the BLOCK-iT RNAi design program (Invitrogen, Carlsbad, CA, USA) and purchased from the ThermoFisher Scientific corporation. The sequences for the Stealth_151 duplexes are 5'-UGA CAA UCA AGU CAA CUA GAA CUG G-3' and 5'-CCA GUU CUA GUU GAC UUG AUU GUCA-3'. We used Nucleotide BLAST (https://blast.ncbi.nlm.nih.gov/Blast. cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome) and the sequence alignment software Vector NTI (Invitrogen, Carlsbad, CA, USA) to test the specificity of the Stealth_151 duplexes for lncRNA8975-1. For reverse transfection, either Stealth RNAi™ siRNA Negative Control (60 nM) or Stealth_151 siRNA (60 nM) was mixed with Lipofectamine RNAiMAX transfection reagent (Invitrogen, Carlsbad, CA, USA), and added to cells plated at 60% confluency in 6-well plates; these cultures were incubated at 37°C in 5% CO 2 . At 96 h after either lentivirus infection or stealth RNAi transfection, the cells were harvested to detect the overexpression or knockdown efficiency via qRT-PCR.
Western blot
Total cellular protein was extracted using radioimmunoprecipitation assay (RIPA) buffer (Invitrogen, Carlsbad, CA, USA). The protein concentration was determined using a BCA kit (Bio-Rad). Proteins (15 μg) were separated by SDS-PAGE and transferred to nitrocellulose membranes (Amersham, Chalfont, UK). The membranes were blocked in 5% non-fat dry milk followed by incubation with primary antibodies. Then, the membranes were incubated with either goat anti-rabbit IgG or goat anti-mouse IgG horseradish peroxidase (HRP)-conjugated secondary antibodies (1:2000, Abcam) and developed using chemiluminescence (ECL; Amersham). The primary antibodies used were as follows: anti-Ki67 rabbit polyclonal antibody (1:1000; ab15580, Abcam), anti-PCNA rabbit polyclonal antibody (1:500; ab18197, Abcam), anti-COL1A1 rabbit monoclonal antibody (1:1000; ab138492, Abcam), anti-COL1A2 rabbit polyclonal antibody (1:1000; ab96723, Abcam), anti-COL3A1 mouse monoclonal antibody (1:1000; ab6310, Abcam), anti-alpha-smooth muscle actin rabbit monoclonal antibody (1:1000; ab32575, Abcam), and anti-GAPDH mouse monoclonal antibody (1:2000; ab8245, Abcam). GAPDH was used as a loading control. The band intensity was quantified by densitometry of three independent experiments using Image J software (National Institutes of Health, Bethesda, MD, USA). The values used for the histogram were normalized to GAPDH and then normalized to control samples.
Cell Counting Kit-8 (CCK-8) assay
Cell proliferation was analysed using the CCK-8 kit (Vazyme Biotech co.,ltd, Nanjing, China). In brief, 24 h after either lentivirus infection or Stealth RNAi transfection, HSFs were seeded at 5 x 10 3 cells per well in 96-well plates with four replicates per condition. At 0, 24, 48 and 72 h, 10 μL of CCK-8 solution was added to each well. After 1.5 h of incubation, the absorbance was measured at 450 nm on a microplate reader (Molecular Devices, Sunnyvale, CA, USA).
Results
LncRNA8975-1 is overexpressed in hypertrophic scar tissue and fibroblasts
We previously reported that lncRNA8975-1 was upregulated in regressive scars compared to mature scar tissue [12] . To determine whether lncRNA8975-1 was overexpressed in hypertrophic scars, we detected its expression in 15 hypertrophic scar tissues and the corresponding hypertrophic scar fibroblasts (HSF) compared to the matched normal skin and normal skin fibroblasts (NSF). The results revealed that lncRNA8975-1 mRNA was significantly overexpressed in hypertrophic scar tissues compared to normal skin tissues (Fig. 1A) . Furthermore, lncRNA8975-1 mRNA expression in hypertrophic scar fibroblasts (HSF) was higher than in normal skin fibroblasts (NSF) (Fig. 1B) .
Based on bioinformatics analyses, we found that lncRNA8975-1 is a transcript of 352 nucleotides and comprises 5 exons (NONHSAT122029 in NONCODEv4). LncRNA8975-1 contains no overlapping sequence with the transcripts from its neighbouring gene COL1A2 and is a natural antisense lncRNA ( Fig. 2A, 2B ). Consistent with lncRNA8975-1 being a noncoding RNA in the UCSC database, the CPC (Coding Potential Calculator) computational algorithm (http://cpc.cbi.pku.edu.cn/programs/run_cpc.jsp) [15] predicted that lncRNA8975-1 has very low coding potential (Fig. 2C ) similar to MEG9, a well-documented bovine lncRNA with coding potential score of -0.80266 [16] .
LncRNA8975-1 affects collagen and α-SMA expression in fibroblasts
We then selected HSF cells for knockdown and overexpression experiments. The expression of lncRNA8975-1 was knocked down after transfection with a specific siRNA (Stealth_151 siRNA, 151). Overexpression of lncRNA8975-1 was performed using lentiviral infection with the 352 nt lncRNA8975-1. Four lncRNA and TUCP transcripts are adjacent to lncRNA8975-1 and the COL1A2 gene ( Fig. 2A) . We therefore used nucleotide BLAST and Vector NTI sequence alignment to check that the Stealth_151 siRNA is specific for lncRNA8975-1. As shown in Fig. 3A , after 96 h of treatments in HSF cells, the expression of lncRNA8975-1 was significantly reduced to 42% of the control levels after transfecting HSF cells with stealth_151 siRNA, whereas lentiviral infection led to the overexpression of lncRNA8975-1 in HSF cells (Fig. 3B) .
It is known that antisense RNAs usually regulate their counterpart sense mRNA [17] . The relationship between lncRNA8975-1 and COL1A2 is natural antisense (Fig. 2A) . Therefore, we measured COL1A2 expression in fibroblasts with overexpression or knockdown of lncRNA8975-1. Moreover, hypertrophic scars are related to abundant alpha-smooth muscle actin (α-SMA)-producing myofibroblasts in conjunction with increased levels of type III collagen and type I collagen [6] . Thus, we also determined whether the expression of COL1A1, COL3A1 and α-SMA were changed in fibroblasts with overexpression or knockdown of lncRNA8975-1. Interestingly, western blot analysis showed that the protein expression of COL1A2, COL1A1, COL3A1 and α-SMA were all reduced in the lncRNA8975-1 overexpressing group than in control HSF cells (Fig. 3C, 3D) . However, knocking down lncRNA8975-1 increased the protein expression levels of COL1A2, COL1A1, COL3A1 and α-SMA in HSF
LncRNA8975-1 alters cell proliferation in fibroblasts
We further assessed the effects of lncRNA8975-1 on cell proliferation. CCK-8 was used to measure cell proliferation. It was observed that knockdown of lncRNA8975-1 significantly increased cell proliferation, whereas overexpression of lncRNA8975-1 inhibited HSF cell proliferation (Fig. 4A) . Western blot analysis showed that the cell proliferation markers Ki67 and PCNA were all increased in HSF cells with lncRNA8975-1 knockdown but decreased in HSF cells over expressing lncRNA8975-1 (Fig. 4B, 4C ). Taken together, our data revealed that dysregulation of lncRNA8975-1 alters cell proliferation in fibroblasts.
Discussion
LncRNAs play crucial roles in multiple developmental processes and diseases at almost every regulatory level of gene expression [18, 19] . Hypertrophic scar formation is an abnormal sign of wound healing with sophisticated aetiology. The role of lncRNAs in hypertrophic scar formation has been poorly investigated. Our study found that lncRNA8975-1 was significantly overexpressed in hypertrophic scar tissues and fibroblasts. These results demonstrated that lncRNA8975-1 is involved in fibroblast proliferation and collagen synthesis and therefore contributes to the pathogenesis of hypertrophic scars.
A recent study reported that lncRNA8975-1 (TCONS_00013888) was disrupted in severe speech and language disorders [20] . Our group previously showed that lncRNA8975-1 was overexpressed in regressive scars compared to mature scar tissue [12] . In this study, by using lncRNA8975-1 lentivirus infection and siRNA transfection strategies, we found that lncRNA8975-1 inhibited fibroblast proliferation as well as collagen and α-SMA expression. These findings suggest that elevated expression of lncRNA8975-1 in hypertrophic scars may inhibit collagen synthesis. However, overexpression of α-SMA and collagen happens in hypertrophic scaring. One explanation is that overexpression of lncRNA8975-1 in HSF cells using lentivirus infection caused more lncRNA8975-1 than the upregulation of lncRNA8975-1 in hypertrophic scar tissues. Therefore, more overexpression of lncRNA8975-1 could inhibit collagen and α-SMA expression. Another reason could be that higher expression of lncRNA8975-1 is a result but not the cause of hypertrophic scar formation. Therefore, even lncRNA8975-1 inhibits α-SMA or collagen expression, other fibrotic factors such as connective tissue growth factors, Th2 cytokines and insulin-like growth factor-1 (IGF-1) could increase collagen synthesis and α-SMA expression [1] bypass the role of lncRNA8975-1. Excess deposition of extracellular matrix proteins particularly type I collagen (which consists of a1 (I) and a2 (I) collagen) and type III collagen by fibroblasts is responsible for hypertrophic scar formation [21] . One previous study reported that the expression of type I and III collagen was found to be significantly higher in HS tissues and HSFs than in NS tissues and NSFs [22] . In humans, imbalanced cell proliferation of HSFs would cause hypertrophic scar formation [21] . Our study found for the first time that the long non-coding RNA lncRNA8975-1 inhibited cell proliferation as well as collagen and α-SMA expression in hypertrophic scar fibroblasts.
Antisense lncRNAs usually regulate their counterpart sense mRNAs in cis by bridging epigenetic effectors and regulatory complexes at specific genomic loci [17] . It is known that the proximal promoter of COL1A2 is under the control of several transcription factors and epigenetic effectors [23] . A repressor complex that contains RFX5, HDAC2, Sin3B, and G9a is responsible for IFN-γ-induced COL1A2 repression in vascular smooth muscle cells [24] . In our study, the relationship between lncRNA8975-1 and COL1A2 is natural antisense. It is possible that lncRNA8975-1 may recruit the transcriptional repressor complex to the COL1A2 promoter to inhibit COL1A2 expression. Transforming growth factor (TGF)-beta signalling could promote collagen expression and induce the differentiation of fibroblasts into myofibroblasts [1, 25] . Thus, lncRNA8975-1 may inhibit TGF-beta signalling and reduce COL1A1, COL3A1 and α-SMA expression. However, the molecular mechanism involved requires further study.
MicroRNAs play crucial roles in skin fibrosis [26] . The proliferation of hypertrophic scar fibroblasts was reported to be affected by the non-coding RNAs miR-200b, miR-21 and miR-143-3p [27] [28] [29] . The functional interactions of lncRNAs, miRNAs and mRNAs could lead to a new explanation for the pathogenesis of keloids [8] . We used DIANA-LncBase v2 (www.microrna.gr/LncBase) [30] , LNCipedia v4.0 (www.lncipedia.org) [31] and NPInter v3.0 (www.bioinfo.org/NPInter/) [32] to determine whether any miRNAs could associate with lncRNA8975-1. Unfortunately, we did not find any miRNAs; however, using a miRBase sequencing matching strategy (www.mirbase.org/search.shtml) as described in the literature [33] , we found that lncRNA8975-1 contains potential binding sites for 9 miRNAs: miR-1273a, miR-30e-3p, miR-2681-5p, miR-30d-3p, miR-3925-3p, miR-4775, miR-6739-5p, miR-491-3p, and miR-3653-5p. Whether lncRNA8975-1 interacts with these microRNAs to regulate fibroblast activity also needs further exploration.
Interestingly, gene polymorphisms play crucial roles in the pathogenesis of scarring [34, 35] . Further elucidating the underlying mechanism of the function of lncRNA8975-1 in hypertrophic scarring would be helpful in revealing the biological aetiology and potentially providing useful information for scar evaluation and treatments.
